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Anopheles gambiae

Manual Gene Annotation
Goal: Significantly improve
the quality of gene

annotations to reveal 278 Mb genome sequenced in 2002
strategies for targeting 14,707 Ensembl automated gene
mosquito:parasite:human prEtliciiiein:

140,000 ESTs

Interactions

The primary vector of malaria
in Sub-Saharan Africa, the
mosquito A. gambiae is a major
contributor to the more than
half-a-billion cases of malaria
each year




Using Drosophila melanogaster as a paradigm, manual
annotation of the Anopheles genome is expected to
greatly improve the quality of annotations due to
limitations of gene prediction algorithms.

Strategy: Improve Annotations that represent computational
challenges for automated gene builds

o Alternative transcripts

* Overlapping genes

e Tandem homologous genes
 Dicistronic genes

* Nested genes

e Small ORFs

« (Genes with repetitive sequence



A first pass manual annotation will target
regions and gene families of interest to
the scientific community

Prioritizing Regions to be Annotated

Genes involved in Immune response, host
preference, and insecticide resistance

Multi-gene family members
Tandem related genes

2 alternative assemblies of the same region due to
divergent haplotypes in the PEST strain sequenced



APOLLO

Genome Annotation and Curation Tool

Apolla was written by members of the FlyBase-Berkeley
Informatics group (Suzanna Lewis, Mark Gibson &
Momi Harris), the Howard Hughes Medical Institute
{John Richter) and the Sanger Institute/European
Bioinformatics Institute (Steve Searle & Michele Clamp).

Apollo is the graphical interface that will be used for editing
annotations on the Anopheles genomic sequence

Apollo was used by FlyBase to manually annotate the entire
117Mb Drosophila melanogaster Euchromatin

(10 curators/7 months)

Annotation editor for GMOD (Generic Model Organism
Database)

Developed by FlyBase-BDGP and Ensembl




Data Types used for Manual Annotation

Ensembl - Automated gene build based on synthesis of known proteins and cONA/EST sequences
= Types |

SNAP- Gene finder trained on Anopheles
TGE_gw - Anopheles/Drosophila protein aligned to the genome

Genewise - Uniprot protein sequences aligned to the genome
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Genomewise - Ensembl EST transcript predictions

SWALL - BLASTX similarity of SWISS-PROT/TrEMBL dataset
Drosophila-Peptides - blast hit by Drosophila proteins.

RNA _BEST - Anopheles EST/mMRNA

Protein features - Pfam domains, Prints family fingerprints, transmembrane regions,
signal peptides

RepeatMasker, TRF, SEG- identifies repeats/low complexity features
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b APOLLO VectorBase curators will utilize the APOLLO graphic
: Genome Annotation and Curation ool 111t€TTACE tO View and synthesize data from multiple regions of

. Apollo was written by members of the FlyBase-Berkeley

[ Informatics group (Suzanna Lewis, Mark Gibson & the Anopheles genome

Nomi Harris), the Howard Hughes Medical Institute.
| {John Richter) and the Sanger Institute/European
r- Bicinformatics Institute (Steve Searle & Michele Clamp).
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A curator Is able to synthesize complex data sets
resulting in significantly improved gene annotations

Showm IE u
S -
D Label L Expand D
D Sort Shon E
D Label Expand D
Ij Sor . - s Showm IE
rosophila-peptides
[ Label Expand || m—1 |--.- |= -

[ sort Show [¥]

o v
Expand E

[] Label TGE_gw Expand [_| - N - -
— | HEE || HEE

O i i I - . (1]

O i

O O

O o

O O L R L e E e 11 s

L . I B Bl
O O I 1 L —\ IR | o | e ]
Ensemb|_13

O O

I:I I:I Ensemb| 12 Ensembl_14 Ensembl 15

O O

O O

|| gort

|71 Label

Dnakligns(Rna)

Showm IE
Expand ||

o Dnadligns{RnaE est)
nakligns{RnaBes
|1/ Label -



A Major Challenge for Automated Gene Annotation:
Predicting Tandem Related Genes
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Low Complexity sequences may require
manual annotation

Fod: tempd 9 1 Chr 2L 15450000 15650000-RA (amine acid seguenc
LVROLFOERFEFRYVSRERTRRRCSDEZ SSNRHTACR LCLESKFASEARRL
HOTHE IR Y DF LOANY TAFDOXTF ICHFAS EVDOHNS PRYWFRNEPLYK
T TV FFPT TS TTAAPTTVFSRFEPLEN FVRRRR POVOTYYYDEDYE
ECNY EERNERRFNR FRMER FLY DOY EEDERFORVEYR ERER ERVEEDDDY
VEDRRFYRMETRFRNGIDRE FVWDDDRRY Y DORERDEDRE FVADER FMER
FHPLOEVEEXR PVAAVHERRR PSR PTVDSRROAVGEDRRSFASDAESRRSG
SVVEERFPAAFR FAYDORRYTQDEYDEE EDDOYDARG S Y GEFFIREAA DG

VIVAKEDLFLETAPISVENPEQS ERVNCRONS ELANGISROTIFHOPOSA
FAFSEFHRINY LFERVEEEEDAETDVFAFRPSVIARPOAALY SHFESFIED
R EPFTTESASTARAPVRESTERPF LPSRGGHFY LARGLOPVGVAKOPRGE

QEVVIEVETLOQLYDDEY OWT LNOALN PTLEFLTRS AFGHF FRNRYVEGP

>gi 28574954 |yaf [NP_648179.3| CG13676-PA [Drosophila mel ter] T— ;
ghzaasos—ﬂeégﬂmﬁgm 21 Co13676-PA [Drosophila melanogaster] CSEFVPFEFAYAPSEFRRTAIRFFAFLLYHGS FUAT ERGEARTSORRCAH
Tength =

goore = 166 bits (421), Expect = 2e-39
Identities = 218/700 (31%) Positives = 304/700 (43%), Gaps = 144/700 (20%

Query: 4% RLYHHCIHGIRYDFLCANYTAFDQETFICHFASEVDCENSPEYWFRNEPLYKATTTTTVE 108 I
++¥HHC++GIR+DFLCAN+TAFDQ+TFICHFAS+VDC+ & KYW RN+ LY ATTTT+ ]
gbjct: 146 QITHHCVYGIRHDFLCANFTAFDORTFICHFASDVDCEGSOR YWNENDELTMATTTTSTS 205

Query: 109 PPPTTSTTAAFTTVPSRPKPLRKPVR***RRRPQVDYYYYDED YEEDYYEERNRRRENR 164
RP+ +P+R RRP DYYY D+D YE+DYYEER ERR
TTTTPAPPTLPPAPRRRPQRPQRPLRRPYNRRPIDDYYYEDQDQYEDDYYEERPVRRPKP 265

gbjot: 206
Query: 165 PRNRRPLYDDYEEDERFDRVRYRERERERVEEDDDYVEDRRPYRMETRPRNGGDRRPVVD 224
4R +ED+ D R ++ R +R YR D +D

Shjct: 266 RPRQREPQVEPEVDDEYDDKRTEZKEPIR RNRNRYR DEEEALD 308 _
Query: 225 DDRRY¥DDRRRDRDRRPVADERPMREPMPLDEVEEKRPVAAVNERRRPSRPTVDIRROAY 284

+D DERP +RP +P A R+ + R+ _
ghijct: 309 EDY DERPSKRD REKPTAGTAGRE—————— ISPREPGR 339 nap_10
Query: 285 GEDRREFACDAE-SRRGSVVEERKPAAKRDAYDDRRYQDEVDEEEDDDYDARGEFOOGRE 343 | |

E+RREF D FR § E P+t D+ E+ + D +
Sbjct: 340 VEERRSFNEDRPLGRRRSEKERTTPSSALDDLDEY——--——- ERPYNSADQVEAAEEQTP 392
Query: 344

RRAADKGRQQNDVVTVKPSGS S IYDRPRAAPR INRPYPLNEESE Y AYVNPDAAGCRQGAR 403
+T K + +3+¥ RPRA PRI RPVP+NEE E++Y
8bjot: 393 QKVKTTPKPLTEF ITPEAARASVVARPRAPPRIARPYVPINEEEEFSYPVOK ITATTQAPSE 452

Query: 404 GSTTAA***FEFEYYDEYEEVPARRDDKRK****EADGKP ******************** 436
PE + ++YE+ PAR +R+ A+ EP
ghijct: 453 NSAQEEEDYPEEQVEEDYEQPPARNTFRRRTPASRAEQKPTRTTLRKPVTDKKPVDEEYD 512

Query: 437 —————————- PRPSASSDVYYYDDVIVAEEDLPLRTAPGSVREPEQIERVNGEDNSELA 485
R E+ P +++R+ + +
g§bjet: 513 EPAEPEPLRERERPLAPRSRVPAADVDFEDEEYEES PAPVSTAAPLRNQRLRARTTTIR-- 570

Query: 486 KGGERGGIKHQPQSAPAPSKPNRNVLPERVEEEEDAEYDVPAPRPSVIARPQAALYSNFK 545
Shjot: 571 —————————- KFTAPPRPRKPIVEDEEELEHPVEAVEDEAFAFRSRANSLSGRNAGAGFS 620
CGfemp3R.Chr 2L 15450000 15650000-RA
Query: 546 SKKSQQREPPTTESASTARAPVRSTKRPFLPSRGGNPYLARGLQPVGVAKQPAGGKSSEP 605 P
VR KRPFLDSRGG+PYL RGLOPVGVA +P |l 1
ghjct: 621 QRPEE ———————————————— VRVVKRPFLPSRGGSPYLPRGLQPVGVALKPLPTTDSTP 664
Query: 606 ———————————— EKPAPF—”RIDIDGATTPQAVSGKQRNQQQAPPAPpsgAprQQQQ 649
v i o 15]595Mmb . 15.6Mb . 15 605Mb

ghjct: 665 IDMGSTISGVRLLEHGAPLLRGNPDSGEDDEEDAPPSPSPPRTTLPPRSALPALP&H EP 724

Query: 650 QQQEVVNVKTLDQLYDDEYDVTLNDALNPTLKPLTRSAPQ 689
O+ ++ LD+L¥+++¥DVTLNDAL+DTLERL+




Finding novel genes requires manual

2L 30990000 31240000~ RE (amine scid sequence): 443

Sequence 1 lclll_CO:emp2:Chr reridues

Sequence 2 10_C0:empl:CH1090-RA {sming acid sequence): 552 resitues

2

£ The statistics (bitscore and expect vabae) s caloulsted based on the size of nr datsbase

Boore = 47 0.001

Identities

12), Ex
(20%)

s = 1637422 (30%), Gaps = 68/4

Query: 46

ENSANGPOO0000Z3595
ENSANGPOO0000Z5936
CG_temp3Z_ChriL309500003124000
ENSANGPOO0O000Z5419
ENSANGPOOO000Z0593

ENZANGPOOO000Z9595
ENSANGPOO0000Z5936
CG_tempdz_ChriL309%00003124000
ENSANGPOO0O000Z5419
ENSANGPOO0000Z6593

ENZ2ANGPOOO00O0Z9595
ENSANGPOO0000Z5936
CG_tempdz_ChriL309%000031z4000
ENSANGPOO0O000Z5419
ENSANGPOO0000Z6593

ENSANGPOOOOO0Z9595
ENSANGPOO0000Z5936
CG_temp3Z_ ChrZL305900003124000
ENSANGPOO0O000Z5419
ENSANGPOO0000Z6593

ENSANGPOOO000Z9595
ENSANGPOO0000Z5936
CG_temp3Z_ chrZL305900003124000
ENZ2aNGPOOO000Z28415
ENSANGPOO0000Z6593

Length 443

annotation

Length 5%

VATRDMYVYLDHA--PELHLTSRDYFNLYYVEPEPVELNL IDAMYVOPFNGTVW

VATRDMVGLDHT ——PELHLTSRDYFNLYYEPEPVELNL IDAMVQPFNGTVW

HMPRAHVEREYLNVDVAAAYEWEALVLVYVEPESDOLNLINIMLOPFTIEVW

MMTREHVNYGIL——PVVYIPDITY¥CLYAPRTTQIDLTOSLLRPFIGTVW

DLTFAYTRFRAHYMHDYELEERGGYCVLCPFHTERDFLRHLLEPFSFGIW
PR PR

HHHE He

IMIGALLGYVRVFAGYLODLFGMLDREGTLREWLRELOATHF P - —CRPOWVD
LMIGYLLGYRYFAGYLODLFGLLDRIGEVREEWWRILOAPHCP - —CTQWYQ
TIVLAYLLVROMI-——-KLF3FFERRCNEFTLEETLTCEWSFGIFGSLTT
WEIVVCTVL-————————— ISAFDELSEOHTELGELAQQLFARQPIASFYR
AVLGALLYGCRELLG———HLFPALFERNLLEQ IFFTAGASHROPFPTRIVE

LAADYVLTFLLIEAYLAQVTELLLTLRFIEGPRDLNEFIASN IR IVERPYES
LA&ADYLTFLLIEAYLADVTELLLTLRFIEGPRDLNEF IASNME IVEPYES
YVEVELYSFLLIEAYLAK ITEFLLYCRFREDPQTLDEFFRETIPVLYPETHM
ICLAVISFVLIESYLATYVTSFFLAYRFYVPDAKTLEEFFATGIP IRLPEGHM
FRaaVLIFFLEEAYNAK IVELMESDEK YFDRPESVRELIESDLEVAIPGVE
5 ko koak A« . .. ke ...k
TLILVOVETGORALLE TRFVERTAEELAR PNQDDAFVELRSRVAFQSYGT
TLELVOVETGORALLE TRFVERTAEELAR PNODDAFVELRSRVAFQEYGT
DPLVEALGPTVAANFHAKLIR-PDEYAKRAASCCAR IHTLPRAEYVVEMG
YREFLENLEPRLEDRE IMARGYG-—ASVCEPYSTOQCAHLESFAMASYQISEN
ASLLAESLPGELVNRRE-————— AREALYRERGPLLFNEYCTVMY CYLAYLD

EPFDPYTGRENFYLLDEPLADYVE -FOYSFAR ETAFMGVAQDYMLRCEENG
EPFDPYVTGRENFYLLDEPLADVE -FOYSFARETAFMGVAODYMLECEENG
EYFDATLGREOLYILPEQLTIIP-M3¥YLVGRNFAFENSFELFLLEVHESG
VEIDPYEGRERS Y IVPEMYVTRY S YL YAFARGEPLTDLYVAMYLRWMYEAG
TEVGRNLHGFOOYVLPDMYEEQL-RTLOLATHEPFYDTFAEYYERYFQSG

P . . P

CEfenplZ Chr 2L 30FF0000 3{240000-R5

30.996M b ‘ 30.998Mb

253 0.9940b L

342
176 — 1L
208 Ca:femp2-RA

214

311
390
222
2h9
2hl

361
440
272
319
311 Ensembl_1

411
490
321
3a7
356

460




Nested genes pose a challenge for gene
prediction algorithms

CEfempi7-RA
L] |

Lo fenmmoS-RE
1 |

MM 32%6Mb . 3IMMB . 322 31.22Mb O 2(EMb . 31.216Mb




Putative Anopheles specific gene identified by pattern recognition
and visual search for ORFs

Sequences producing significant alignments:

SR R SRSt TNOARGPOD0000Stace [ancineles ga. . 197 5e43

ai | o | AR .2| ENSANGP Znopheles ga. . 177 a—

2155238288 |gb |EAL39836.1] ENSANGPOOODOD0Z7562 [Ancpheles ga. . 92 Ze-17 bt < Start (15450000 End 15650000 = Expand
gi|56235904% |gb|EALAOO35.1 ] ENSANGEOOOO00Z5919 [Anopheles ga. . _75  zZe-12 " 1 0 | 0
gi155238124 |gb |EAT39790.1] ENSANGPOOOD0DZ5599 [Anopheles ga. _10 fe-11 | 1 | | T
gi|56240053 |gb|EATAO329.1 | ENSANGEOO00002Z5231 [Anopheles ga. _60  Be-08 |
91155244958 |gb |EALA1642.1] ENSANGPOOOO0DZ6714 [Ancpheles ga. _56 le-06

gi|56241665 |gb|EATAOTAL . 1| ENSANGEODO000ZE8587 [Znopheles ga. .. _48 de-04

gil155244020 gk |EATA1360.1] ENSANGPODOO00Z9329 [Ancpheles da... _38 0.37

gi49646778 |emb |CAGES163.1] unnamed protein product [Yarrow. _36 1.5

gil297850 |emb |CARARA11.1] fatty—acid synthase [Yarrowia lip... _a5 1.8

i |56468200 |gb |RAT46075.1] phosphatidylinositel 3-kinase, p... _3d 4.9

gi|56459878 |ref|¥P_155159.1| Thiamine bkiosynthesis protein ... _ad 4.9

gi|34067911 |gb|AA056721.1] serclogically defined colon canc... _33 6.5

gi 24662899 |ref |NP_648506.1| CEl14131-PA [Drosophila melanog. .. _ 33 9.2

Al ignments
»>gd |G523828% |gb|Eaa11136.3| ENSANGPOOOOO0D21866 [Anopheles gambiae str. PEST]
g1 568387327 |ref |HP_315479.2| ENSANGPOOOOOOZ1666 [Znophelses gambiae str. PEST

Length = 289

Score =
Identities =

2259 bits (584), Exzpect = Te-

59
1327260 (50%), Positives = 1807260 (69%), Gaps = 127260 (4%)

Query: 3 SSRDERSGS IYKFRDALIKK IEEEFEEEERLLELORELVVLGQANNEPSEEAEPEALMLT 62

8 DK +G5 IY+FRD L K +FE E++L+RLOR+ + ++E + L++T
Sbhjct: 5 SOHDEDTGE IYRFRDELESKFNAEFEAEQELIRLORE————————— QE2KERLANELLMT 55
Query: 63 CDDEDPFADPSMATTADYVVEVLRTLESVQIEQLSCEKODTFQHQLDETESRYIEKLDRRLNEY 122

C++EDPF +P +AT ADV+E+L+T+8 +I QL EKQDTFQ ++ E E RV KL+ ++N
Shjct: 56 CEEEDPTINFDSATIADVMEMLETVSREIGQLCGEQDTFOKEVCEARHRVLELEAEMNTT 115
Query: 123 LFMAEAVEDELMFDDFQEATEQIVIPVPWFEFQAVSNETELKDLDHRLATDEAYSRNLTE 182

L M E VEDE++ + 18] P P FEF+AVENE E+ DLDHRLATDEA+ RNLT
Shjct: 116 LSMTEEVEKDEMLARYW--TPEQDDFPEPGFEFRAVSNEQEMNDLDHRLATDEAFCRNLIN 173
Query: 183 WLNAKILHPDPMNHRLHQAMEAVFEREFLPSCSWKGRAFRPGQFRISMSA0KFIMELFRVVG 242

WL AKI P B+ A++ VF+REFL CSWKGR+E G +I++ Q++I+ELFRWVVE
Shjct: 174 WLEAKISLQKPFRRMLHALDLYVFEREFLMLCSWKGRSESGP-KIAICDQRYIVELFRVYVG 232
Query: 243 SNRFITISDEFVAEFFIKEL 262

SNR TI+D+ VAEFF++EKL
Shjct: 233 SNRCTTITDKIVAEFFWREL 252

CGtemp42 and CGtemp24 are
both homologues of ENSANG_ 21866
CEfenpdd:Chr 2L 16450000 15550000-F.4 EMEANG TEO00002 1 8EE-F A CEdempldRA
) 1 - |
D400 15509600 | 15508800 | 15508000 | 15507200 | 15505400 | 15505600 | 15504800 | 1f




Manual annotation of Anopheles leads to annotation of new
Drosophila genes

e llowe e3- FA Coea7a6-Ra

9.23Mb

9.225M b

CG14374-RA

CG14375-RA

9.22Mb

9.215Mb

CLUSTAL W alignment
with DPM3 proteins

New Dmel gene
New Dpse gene
New Agam

\i/

CLUSTAL W (1.82) multiple sequence alignment

DPM3-Bos

DPM3I-IMus

DPM3I-Homo

DPM3I-Kenopus

CG_templ-Dmel

Dpse_ Contigll07_Contig35sgs
CG_tempdinopheles

DPM3-Bos

DEM3I-TMus

DPM3I-Homo

DPFM3-Henopus

CG_templ-Dmel

Dpse_ Contigll07_Contig35sgs
CG_tempdinopheles

MIELAQWLWALATLLGE TWALALTMGALGLELPSECREVLWPLPAYLLVEAG
MIFLTQWLWGLALLGS AWALL TMGALGLELPFPCREVLWPLPAYLLVSAG
MIFLAQWLWGLAILGS TWVALTTCALGLELPLECOQEVLWPLPAYLLVSAG
MTELAEWLLALSVLGAAWYTLNFNLLGLDLEPPLOQLLWPLEVYLLVVEG
MINLORWLFYASLFAIPYLAVYLGTVOTPLTTEYFLHIQLLPLLLLYIFix
MINLOQRWLFYATLFAVPYILEVVLG TVOTQF TSEYLLHIQLLPLLLLYVLEG
MIFLFEWFMARAACFFEVIFAIVLEOQVEHPLLDEYMLE IQLSPLFLVLLEFG

Kk ik ko : & ki &

CYALGTYEYRVATFHDCEDAARELOSQIQEARADLTRRGLRF -~ 92
CYALGTVEYRVATFHDCEDAARELQSQIVEARADLARRGLRF-— 92
CYALGTVEYRVATFHDCEDAARELOSQIQEARADLARRGLRF-— 92
CY¥SLATIGYRVATFNDCEDAARELOOOISEARPDLALEGLEF-— 92
I¥SYWIVLYRTLTFNDCPEAAKELODEIQEARKDLIARGFRFRD 94
LYSVWIVLYRTFTFNDCPELALK ELQAEILEARKDLIARGFRFRD 94
IFSATVVLYRTFTFNNCEEAAKELMEQ IKEAF ADLRSEGLVLED 94
e rokA | kkrak rkkakk 1k kkr k& ik on

gene



Results of Anopheles gambiae

Manual Annotation —J

1

Initial Analysis of 1.9 Mb and 161 Ensembl annotations

49 Annotations required either additional coding exons, 5’ or 3’ sequence
based on blast or EST or alternative transcripts

28 New genes annotated based on Gene prediction, ESTs and BLASTX
7 Gene merges - 14 Ensembl annotations merge into 7
10 Gene splits - 10 Ensembl annotations split into 22 new annotations

7 Ensembl annotations designated for deletion

2L 15450000 -
2L 17750000 -
2L 30990000 -
2R 14450000 -
2R 32210000 -
2R 59310000 -
3L 10900000 -
3L 11650000 -

25 Ensembl annotations required only minor adjustment to 5’ and/or 3’ sequence

56 Ensembl annotations required no change.

15650000
18000000
31240000
14650000
32460000
59510000
11120000
11900000



Results of Anopheles gambiae
Manual Annotation

Initial Analysis of 1.9 Mb and 161 Ensembl annotations

* 50% of the genes predicted by the Ensembl Automatic Gene Building
System required little or no change

» 30% of the genes required moderate changes to the gene structure

2L 15450000 -
2L 17750000 -
2L 30990000 -
2R 14450000 -
2R 32210000 -
2R 59310000 -
3L 10900000 -
3L 11650000 -

15650000
18000000
31240000
14650000
32460000
59510000
11120000
11900000

* 15% of automatic gene annotations were either split or merged (primarily based on BLAST

evidence)

» The 28 new genes annotated comprised tandem related genes, nested genes, genes with low

complexity sequence.



Limitations, challenges and the
future of manual gene annotation

 While manual annotation provides the highest quality gene
annotations, it is both labor intensive and expensive.

« The data illustrate the challenges for automated gene builds.
Annotators will work together with Ensembl to rigorously analyze
discrepancies between automated and manual Anopheles gene
structures in an effort to improve gene prediction algorithms.

* These efforts will inform future automated annotation pipelines of
not only Anopheles but also Aedes.

o Not unexpectedly, the initial pilot manual annotation Anopheles has
led to corrections of several Drosophila melanogaster gene
structures.
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